ABSTRACT In this paper, the energy efficiency and the spectral efficiency for orthogonal frequency division multiplexing (OFDM)-based visible light communication schemes are studied, which is crucial for practical application with limited energy resources. The conventional schemes, including asymmetrically clipped optical OFDM (ACO-OFDM), pulse-amplitude-modulated discrete multitone, and direct current biased optical OFDM, are compared in terms of energy efficiency and spectral efficiency relationship. The influence of power allocation for asymmetrically clipped dc biased optical OFDM and hybrid ACO-OFDM is also investigated. The energy efficiency and spectral efficiency of layered ACO-OFDM with a variable layer number are calculated and their relationship is also formulated. These conventional and hybrid modulation schemes are analyzed and compared through computer simulations, which should be considered in practice according to the requirements of illumination and transmission.
illustrates which of the first 16 out of 64 subcarriers are utilized for different modulations, including ACO-OFDM, PAM-DMT, DCO-OFDM, ADO-OFDM, HACO-OFDM, and LACO-OFDM. Without loss of generality, the 3-Layer LACO-OFDM is presented as an example of LACO-OFDM.
1) ACO-OFDM
In ACO-OFDM, the data are only carried by odd subcarriers. Considering the Hermitian symmetry, the Npoint frequency-domain signal can be denoted as X = [0, X 1 , 0, X 3 , . . . , X N /2−1 , 0, X * N /2−1 , . . . , X * 3 , 0, X * 1 ]. The time-domain signal x n has the anti-symmetric property as x n = −x n+N /2 , (0 ≤ n < N /2). The ACO-OFDM signal, x ACO,n , is generated by clipping the negative part as
where the data information is not lost. The transmitted data can be demodulated correctly since the clipping noise only falls on the even subcarriers. According to the central limit theorem, the unipolar signal obeys a clipped Gaussian distribution. σ 2 A refers to the variance of x n , then the mean value and mean square value of x ACO,n can be calculated as E x ACO,n = σ A / √ 2π , and E x 2 ACO,n = σ 2 A /2. = −1. It has been proved that the time-domain signal y n follows the symmetry as y n = −y N −n , (0 ≤ n < N /2) [10] . Therefore, PAM-DMT signal y PAM,n can also be clipped at zero, which is given by y PAM,n = y n , y n ≥ 0, 0, y n < 0.
The clipping noise only falls on the real part of each subcarrier, leaving the transmitted data easy for demodulation [10] . Similarly to ACO-OFDM, it is easy to calculate the expectations of y PAM,n and y 2 PAM,n as E y PAM,n = σ P / √ 2π, and E y 2 PAM,n = σ 2 P /2, where σ 2 P is the variance of y n . VOLUME 6, 2018 
3) DCO-OFDM
In DCO-OFDM, the complex-valued frequency-domain sig-
. A DC bias, z b , is added to the time-domain signal, z n , so that most of the signal is positive. The remaining negative signal will be clipped at zero, leading to a clipping noise, which depends on the DC bias.
The mean value and mean square value of z DCO,n can be calculated as [25] 
where σ 2 D is the variance of z n . G(·) and Q(·) represent the standard Gaussian distribution and the tail probability of the standard normal distribution, respectively, which are given by
where λ represents the integral variable. Usually, z b is relative to the electrical power of the signal z n , and can be set to z b = µ E z 2 n = µσ D , where µ is a proportional constant.
4) HACO-OFDM
HACO-OFDM is a combination of ACO-OFDM and PAM-DMT, where the information is carried by the odd subcarriers and the imaginary part of the even subcarriers. The negative part is clipped individually for the two varieties of signals.
Then the two signals are added together for simultaneous transmission. The obtained time-domain HACO-OFDM signal, s HACO,n , is denoted as
5) ADO-OFDM
Similarly to HACO-OFDM, ADO-OFDM combines ACO-OFDM with DCO-OFDM. The ACO-OFDM signal is obtained by using the conventional method. The other stream of signal only utilized even subcarriers with a DC bias. Then, the transmitted ADO-OFDM signal, s ADO,n , is obtained by adding them together as
6) LACO-OFDM
The LACO-OFDM scheme consists of multiple layers of ACO-OFDM signals. For clarity, L-Layer LACO-OFDM denotes a LACO-OFDM with L layers, while l-th ACO-OFDM refers to the l-th layer in LACO-OFDM. In the l-th ACO-OFDM, only the 2 l−1 (2k + 1)-th (k = 0, 1, . . . , N /2 l − 1) subcarriers are modulated, denoted as X (l) ACO,k . For each layer, the negative part of the time-domain signal can be clipped without loss of any information, resulting in x (l) ACO,n . Then the several streams of non-negative signals are superposed together and transmitted simultaneously as
B. CHANNEL MODEL
The channel for VLC can be modeled as a linear time-invariant channel with the additive white Gaussian noise (AWGN), where the channel frequency response can be considered to be flat near DC [20] . The transmitted signal generated by different schemes, including x ACO,n , y PAM,n , z DCO,n , s HACO,n , s ADO,n and s L,n , are generalized as s n . Then, the received signal, r n , can be represented as
where H 0 denotes the channel DC gain, v n is referred to as AWGN, and R is the combined coefficient including the voltage-current transfer, the LED responsivity, and the detector responsivity. 2 demonstrates a geometry for VLC systems, which is considered in this paper, where 1/2 is the transmitter semiangle, the light radiance and incidence angles are φ and ψ, respectively. h and w represent the vertical and horizontal distances between the transmitter and the receiver, respectively. And d = √ h 2 + w 2 is the direct distance. In line-ofsight links, the DC gain can be modeled with a generalized Lambertian radiant intensity as [21] - [23] 
where m = −1/ log 2 (cos( 1/2 )) is the Lambertian order and A denotes the detector physical area. T (ψ) is the filter gain which can be set to 1 for simplification. g(ψ) is the concentrator gain, which is given by
where c refers to the field of view (FOV) of the concentrator and ν is the internal refractive index. As shown in Fig. 2 , the relationship between the angle and the distance can be given as
Thus, for 0 ≤ ψ ≤ c , the DC gain can be derived as The turn-on voltage (TOV) of LED is the minimum threshold value for the input that can generate current. The nonlinearity of LED can be mitigated by the methods proposed in [24] . Thus the current-voltage relationship can be quasi-linear in a limited range, as shown in Fig. 3 , where U L denotes the LED TOV, U H and I H refer to the maximum allowable voltage and current, respectively. The reciprocal of the slope can be calculated as
A proper DC bias has to be added to the OFDM-based VLC signal in consideration of the TOV. Since the OFDM-based VLC signal is non-negative, the DC bias is supposed to be equal to U L . Thus, the input voltage can be given by
III. SPECTRAL EFFICIENCY AND ENERGY EFFICIENCY
For VLC systems, the spectral efficiency can be defined as the channel capacity per unit of bandwidth, which is given by
where C and W denote the channel capacity and the whole bandwidth, respectively. The energy efficiency is defined as the ratio of the channel capacity over the mean power consumption [17] , which is given by
where P denotes the LED power cost. It is worth mentioning that the power is also cost by the conversion of baseband electrical signals into respective OFDM/DMT signals, which, however, is too complicated to analyze. Thus, this paper only focuses on the power consumption by the LED. In this section, the spectral efficiency and energy efficiency for OFDM-based VLC modulation schemes are investigated.
A. ACO-OFDM
Since the amplitude of the clipped signal in the frequency domain is halved, the signal-to-noise ratio (SNR) for each VOLUME 6, 2018 subcarrier is
where ε A denotes the variance of the modulated symbol
is the variance of the AWGN noise. Considering that only the odd subcarriers are utilized in ACO-OFDM, the relationship between ε A and σ 2 A can be derived as
The total channel capacity for ACO-OFDM can be calculated as
Thus, the spectral efficiency for ACO-OFDM is given by
The power consumed by LED can be formulated as
Then the energy efficiency can be derived as
Based on (21) and (23), the relationship between spectral efficiency and energy efficiency for ACO-OFDM can be deduced as
B. PAM-DMT
The spectral efficiency and the energy efficiency for PAM-DMT are similar to that for ACO-OFDM. The SNR for each subcarrier is
where
. Since the 0-th and the N /2-th subcarrier are set to zeros, the relationship between ε P and σ 2 P is given by
Considering that the data is only modulated onto the imaginary part of the subcarriers, the total channel capacity for PAM-DMT is calculated as
Then, the spectral efficiency is derived as
The power consumed by LED for PAM-DMT is given by
Thus, the energy efficiency can be represented as
The energy efficiency can be derived as a function of the spectral efficiency as
where α P = (N − 2)/N .
C. DCO-OFDM
For DCO-OFDM, the remaining negative signal after adding the DC bias will be clipped at zero. Thus, the transmitted DCO-OFDM signal can be modeled as z DCO,n = z clip,n + z b , where z clip,n is the signal clipped at a level of −z b , i.e.,
Based on Bussgang theorem, z clip,n can be modeled as
where n DCO,n is the clipping distortion and c is a constant, which can be calculated as [25] 
. Based on (3) and (4), the mean value and mean square value of z clip,n can be calculated as
Then, the variance of the clipping distortion can be calculated as [25] 
By taking clipping distortion into consideration, the signalto-noise-plus-distortion (SNDR) for each subcarrier can be calculated as
And the total channel capacity is given by
The power cost by LED is calculated as
Thus, the spectral efficiency and energy efficiency for DCO-OFDM can be formulated as
D. HACO-OFDM
In HACO-OFDM systems, the ACO-OFDM signal occupies odd subcarriers, whereas the PAM-DMT occupies (N /2 − 2) subcarriers. Thus, σ 2 A and σ 2 P can be calculated as
Thus, the channel capacity for HACO-OFDM can be formulated as
The LED power consumption is given by
Then, the spectral efficiency and energy efficiency can be derived according to (45) and (46). VOLUME 6, 2018
E. ADO-OFDM
The odd subcarriers and even subcarriers (except 0-th and N /2-th subcarriers) are utilized for ACO-OFDM and DCO-OFDM in ADO-OFDM systems. The channel capacity and the power cost by LED can be calculated as
Based on (47) and (48), η SE,ADO and η SE,ADO are calculable.
F. LACO-OFDM
For L-Layer LACO-OFDM, assuming that the power is equally distributed to each subcarrier [26] , the variance of the modulated symbol X (l) ACO,k can be normalized as ε L for each layer. Since only N /2 l subcarriers are modulated for the l-th layer, according to the Parseval's theorem, the relationship between σ l and ε L can be derived as
Then the signal-to-noise ratio (SNR) of each modulated subcarrier is given by
where σ 2 n = N 0 W /N is the variance of the AWGN noise. N 0 is the noise power spectral density and W denotes the whole bandwidth. Then the total channel capacity of L-Layer LACO-OFDM can be calculated as
The spectral efficiency is given by
For L-Layer LACO-OFDM systems, P LACO can be calculated as
The expectation of s L,n can be derived as
Considering that the signals from different layers are independent, the mean square value of s L,n can be formulated as
The first term in (55) can be simplified as
The simplification of the second term in (55) can be given by
Therefore, equation (55) can be simplified based on (56) and (57), which is given by
Thus the power consumed by LED in (53) can be derived as
Then, the energy efficiency is calculated by
According to (52), ε L can be formulated as a function of η SE,LACO , which is given by
Thus, the relationship between energy efficiency and spectral efficiency can be deduced as
IV. SIMULATION RESULTS
In this section, simulation results of the energy efficiency and spectral efficiency relationship are demonstrated. The simulation parameters are listed in Table 1 . For fair comparison, the largest acceptable clipping ratio, which is the proportion of the signal that is higher than I H , is set to 1%. Fig. 4 demonstrates the spectral efficiency versus energy efficiency for the conventional ACO-OFDM, PAM-DMT, and DCO-OFDM. In DCO-OFDM, the parameter for the DC bias, µ, ranges from 1 to 4. Since no extra DC bias is added to the ACO-OFDM and PAM-DMT signals, it can be seen that these two clipping-based strategies can achieve higher energy efficiency than DCO-OFDM when η SE is low. However, approximately half of the spectrum resources are wasted in ACO-OFDM and PAM-DMT, which leads to a limited achievable spectral efficiency in consideration of the constrained clipping ratio. The DCO-OFDM utilizes all subcarriers except 0-th and N /2-th subcarriers, thus the spectral efficiency can exceed 2 bits/s/Hz, as shown in Fig. 4 . In DCO-OFDM, a higher DC bias results in a lower energy efficiency. Besides, the reachable η SE is restricted for both small and large DC biases due to the clipping noise caused by the negative signal and the signal which is higher than I H . According to the simulation results, the DCO-OFDM with µ = 2 is relatively satisfactory.
The simulated η EE and η SE for HACO-OFDM with different power allocations are presented in Fig. 5 . As ACO-OFDM and PAM-DMT have similar performances, the four curves are pretty close. For a low spectral efficiency, the energy efficiency increases if ACO-OFDM occupies more power. However, the largest achievable spectral efficiency decreases with the rising proportion of ACO-OFDM. All things considered, ε A = 4ε P would be a superior choice, which has a high energy efficiency and a wide spectral efficiency range. The simulations are also carried out for ADO-OFDM, where the parameter µ is set to 2. The results are plotted on Fig. 6 . For the low spectral efficiency, the more power ACO-OFDM possesses, the higher energy efficiency ADO-OFDM can attain. As for the largest achievable η SE , ε A = 4ε P is shown to be the optimal choice. On the one hand, if the ACO-OFDM occupies too much power, the spectral efficiency gain that DCO-OFDM produces is slight. On the other hand, DCO-OFDM suffers from the clipping noise, which means that more power allocated to DCO-OFDM can degrade the largest spectral efficiency. 7 compares the differences of η EE − η SE relationships with various layer numbers for LACO-OFDM. The optimal layer number, which achieves the highest energy efficiency, rises with the increase of spectral efficiency. For η SE that is lower than 1 bits/s/Hz, L = 1 is shown to be the optimal choice, while 2-Layer LACO-OFDM outperforms the other schemes with the spectral efficiency ranging from 1 bits/s/Hz to 1.8 bits/s/Hz. For η SE that is higher than 2.5 bits/s/Hz, the simulation results for 4-Layer LACO-OFDM and 5-Layer LACO-OFDM are quite close, which means the increase of the layer number can hardly bring any gain. In the perspective of the largest achievable spectral efficiency, the LACO-OFDM with more layers has superior performance. Nevertheless, the 4-Layer and 5-Layer cases have almost the same highest η SE , which is approximately 2.8 bits/s/Hz. Therefore, the optimal layer number should be adaptively chosen according to the requirement of the spectral efficiency. Fig. 8 displays η EE versus η SE results for the hybrid modulation schemes, including HACO-OFDM, ADO-OFDM, and LACO-OFDM. For each scheme, two curves are selected based on the results in Figs. 5-7. As the graph shows, HACO-OFDM and 2-Layer LACO-OFDM have the superior performances for a relative low spectral efficiency. For 2 < η SE < 3, 4-Layer LACO-OFDM is the most energy efficient scheme. Despite of relatively low energy efficiency, ADO-OFDM can achieve a wider spectral efficient range compared with the other hybrid methods. Therefore, the optimal modulation schemes should be adaptively selected based on the application requirement.
V. CONCLUSIONS
The energy efficiency and spectral efficiency for the conventional and hybrid OFDM-based VLC modulation schemes are formulated in this paper, which assists in ensuring the QoS with affordable energy. The parameters such as the DC bias in DCO-OFDM, the power allocation in HACO-OFDM and ADO-OFDM, the layer number in LACO-OFDM have various effects on the energy efficiency and spectral efficiency. The comparisons of these schemes are explored by theoretical analysis and computer simulations. Different schemes have varied performances in terms of energy efficiency whereas the achievable ranges of spectral efficiency are diverse. For practical application, the optimal scheme should be adaptively chosen with comprehensive consideration of the requirements of transmission and illumination as well as the tradeoff between energy and spectral efficiency. 
